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An economical mode of space shuttle operation is 
rapid recovery of the shuttle at its launch site. This is 
also attractive since it provides a very desirable abort 
capability. To accomplish this it is necessary to "aim" 
the shuttle at launch, such that a recovery at the launch site 
is possible using cross-range maneuvering at the end of any 
one of the first few orbits. 
rise to both launch azimuth and on orbit operations time con- 
straints. 
for the case of shuttle launch from KSC followed by aerodynamic 
recovery immediately after any one of the first three orbits. 

This operational mode gives 

In this memorandum the constraints are determined 

The resulting azimuth constraints for shuttles with 
Apollo class L/D ratios is generally the reduction of the 
region of available launch azimuths below that permitted by 
existing range safety restrictions. 
hence its cross range capability, increases the range of per- 
missible launch azimuths becomes larger. 
values of L/D, launch at any azimuth followed by rapid re- 
covery becomes possible if range safety restrictions can be 
eliminated. 
achieving cross range capability is not considered. 
orbit operations time available depends primarily on the number 
of orbits executed prior to the deorbit maneuver and secondarily 
on the shuttle L/D ratio. 

As the vehicle L/D, and 

At certain threshold 

Propulsive plane change maneuvering as a means of 
The on- 

Based on the constraint data generated, several 
specific conclusions can be established. A minimum shuttle 
L/D of 1.6 provides one northerly in plane launch opportunity 
per day for logistics missions to a 55' inclination space 
station. For this mission, the maximum on orbit operations 
time corresponding to recovery immediately after the third 
orbit is 4 . 2  hours. Furthermore, all azimuth launch capability 
for a once around and recovery Air Force reconnaissance mission 
is also provided. 
from launch to recovery is 1.9 hours. 
for once around and recovery in an abort situation varies from 
1.7 hours for Apollo class L/D's to 1.9 hours for an L/D of 1.6, 
which corresponds to the all azimuth launch capability case. 

For this mission, the total elapsed time 
The total elapsed time 

c bhe -* [ ~ ~ s ~ < R - 1 1 3 6 2 3 )  SHUTTLE LAUNCH AZIFIuTH AND M79-7220 5 
O N - O R B I T  OPERATIONS T I V E  CCNSTfAINTS FOR 
LATJNCH A N D  R A P I D  R X C O V E R Y  AT KSC [Bellcornre, 

U n c l a s  
O C > / l c ;  71890 



-. . < .  . 
BELLCOMM, INC. 
955 L'ENFANT PLAZA NORTH, S.W. WASHINGTON, 0. C. 20024 B70 09043 

SUBJECT: S h u t t l e  Launch Azimuth and 
On-Orbit Opera t ions  Time 
C o n s t r a i n t s  f o r  Launch and 
Rapid Recovery a t  KSC 

DATE: September 1 7 ,  1970  

FROM: E. M. Grenning 

MEMORANDUM FOR FILE 

I.  I n t r o d u c t i o n  

The most economical mode of space  s h u t t l e  o p e r a t i o n  
i s  t o  have both  launch and recovery t a k e  p l a c e  a t  a s i n g l e  
s i t e ,  p r e f e r a b l y  KSC because of t h e  N A S A ' s  e x i s t i n g  l a r g e  i n -  
ves tment  i n  rea l  es ta te  and p h y s i c a l  p l a n t  a t  t h a t  l o c a t i o n .  
T h i s  mode ach ieves  t h e  m a j o r i t y  of i t s  economy by e l i m i n a t i n g  
t h e  need f o r  a s u r f a c e  l o g i s t i c  o r  a i r  f e r r y  system t o  r e t u r n  
t h e  recovered  o r b i t a l  p o r t i o n  of  t h e  space  s h u t t l e  t o  t h e  
launch  s i t e .  

For heavy annual  s h u t t l e  t r a f f i c ,  f u r t h e r  economy 
can be ob ta ined  by r a p i d  s h u t t l e  recovery s i n c e  t h a t  would 
t e n d  t o  reduce t h e  v e h i c l e  inventory  necessary  t o  s a t i s f y  t h e  
program l o g i s t i c s  requirements .  The r a p i d  recovery  mode sug- 
g e s t s  a s h u t t l e  miss ion  p r o f i l e  c o n s i s t i n g  of boos t  of t h e  
o r b i t a l  p o r t i o n  of t h e  s h u t t l e  and i t s  payload t o  low e a r t h  o r -  
b i t ;  s e p a r a t i o n ,  or t r a n s f e r  of t h e  payload from t h e  s h u t t l e  
t o  a n o t h e r  v e h i c l e  fol lowed by r e t u r n  t o  KSC immediately a f t e r  
any one of t h e  f i r s t  s e v e r a l  o r b i t s .  
g e n e r a l l y  a s s o c i a t e d  wi th  p r o p e l l a n t  supply and space  s t a t i o n  
l o g i s t i c s  suppor t  o p e r a t i o n s ,  References 1 and 2. 

P r o f i l e s  of t h i s  t y p e  are 

S h u t t l e  a b o r t  i s  another  impor tan t  r eason  f o r  p rov id ing  
r a p i d  recovery  c a p a b i l i t y  a t  KSC. 
c u r r e n t l y  i d e n t i f i e d  modes f o r  space  s h u t t l e  a b o r t  d u r i n g  a s c e n t  
c a l l  f o r  e i t h e r  a d i r e c t  s u b o r b i t a l  r e t u r n  t o  KSC or a b o r t  t o  
o r b i t  fol lowed by once around and recovery  a t  K S C ,  Reference 3 .  
Another miss ion  mode r e p o r t e d l y  of i n t e r e s t  t o  t h e  A i r  Force 
c o n s i s t s  of once around, and recovery  a t  t h e  launch s i t e ,  wi th  
a l l  azimuth launch c a p a b i l i t y .  

A l m o s t  w i thou t  excep t ion  t h e  

To provide  r a p i d  recovery, t h e  s h u t t l e  must be "aimed," 
a t  launch ,  i n  a d i r e c t i o n  such t h a t  a f t e r  any one of t h e  f i r s t  
s e v e r a l  o r b i t s  KSC w i l l  l i e  wi th in  t h e  s h u t t l e ' s  aerodynamic 
cross range c a p a b i l i t y . "  This  g i v e s  rise t o  launch azimuth con- 
s t r a i n t s  which i f  v i o l a t e d  would p rec lude  r a p i d  recovery  a t  KSC. 
Furthermore,  t h e  number of o r b i t s  executed p r i o r  t o  t h e  s h u t t l e  
d e o r b i t  maneuver c o n s t r a i n s  the  a v a i l a b l e  on -o rb i t  o p e r a t i o n s  

* Propu l s ive  p l ane  change maneuvering as  a means of 
a c h i e v i n g  c r o s s  range c a p a b i l i t y  i s  n o t  cons idered .  
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t i m e  f o r  cargo ,  p r o p e l l a n t  and/or crew t r a n s f e r .  Th i s  t i m e  
c o n s t r a i n t  i s  a lso e f f e c t e d ,  t o  a lesser e x t e n t ,  by t h e  
s h u t t l e  L/D r a t i o .  

I n  t h e  fo l lowing  s e c t i o n  t h e  equa t ions  necessary  
f o r  t h e  de t e rmina t ion  of t h e  launch azimuth and o r b i t a l  
t i m e  c o n s t r a i n t s  as a func t ion  of cross range  c a p a b i l i t y  are 
developed. The azimuth c o n s t r a i n t s  f o r  recovery  immediately 
a f t e r  t h e  f i r s t ,  second or t h i r d  o r b i t s  are superimposed and 
combined wi th  e x i s t i n g  KSC launch azimuth range  s a f e t y  re- 
s t r i c t i o n s .  The r e s u l t  i s  a set  of t h r e e  launch azimuth con- 
s t r a i n t  envelopes corresponding t o :  (1) recovery a t  KSC 
immediately a f t e r  t h e  f i r s t  o r b i t ,  ( 2 )  recovery a t  KSC 
immediately a f t e r  t h e  f i r s t  o r  second o r b i t s ,  and ( 3 )  recovery  
a t  KSC immediately a f t e r  t h e  f i r s t ,  second o r  t h i r d  o r b i t s .  
The o r b i t a l  o p e r a t i o n s  t i m e  c o n s t r a i n t s  are expressed as a 
f u n c t i o n  Of s h u t t l e  L/D r a t i o  f o r  one,  two o r  t h r e e  o r b i t s .  

11. Launch and Recovery Analysis  

1. 

2. 

3 .  

4 .  

The a n a l y s i s  i s  based on t h e  fo l lowing  assumptions: 

The e a r t h  is  s p h e r i c a l  and r o t a t e s  about  i t s  p o l a r  
a x i s  w i t h  an angular  v e l o c i t y  of 15O/hr. 

A t  any l o c a t i o n  on t h e  e a r t h ' s  s u r f a c e  a 1 degree  
segment of a g r e a t  c i r c l e  i s  60  nm i n  l eng th .  

There i s  no yaw s t e e r i n g  o r  p l ane  change maneuvering 
by t h e  s h u t t l e  during a s c e n t  o r  o r b i t a l  f l i g h t ,  
r e s p e c t i v e l y .  

Regression of t h e  ascending o r b i t a l  node i s  n e g l i g i b l e .  

F i q u r e  1 i l l u s t r a t e s  t h e  e a r t h  i n  a n  i n e r t i a l l v  
f i x e d  frame of r e f e r e n c e  inc lud ing  t h e  l o c a t i o n s  of t h e  launch  
s i t e  a t  bo th  s h u t t l e  launch and recovery .  The s h u t t l e  i s  
launched from KSC us ing  an azimuth ( a )  t h a t  gua ran tees  KSC 
t o  l i e  i n  t h e  o r b i t a l  p l ane  a t  recovery  T hours  a f t e r  launch.  
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FIGURE 1 - LAUNCH AND RECOVERY GEOMETRY 
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The expres s ion  f o r  cos a obta ined  by apply ing  t h e  law of 
c o s i n e s  t o  t h e  s p h e r i c a l  t r i a n g l e  PLR i n  F igu re  1. i s  

cosa = t a n  @L 

where : 

a = launch azimuth necessary f o r  KSC t o  l i e  i n  t h e  
o r b i t a l  p l ane  a t  recovery  (deg.)  , 

$L= l a t i t u d e  of launch s i t e  ( f o r  KSC, 4~~ = 28.5'1, 

and recovery (deg. ) . A ( T ) =  segment of o r b i t  t r a c k  between KSC a t  launch 

T o  de te rmine  t h e  launch azimuth ( a )  from equa t ion  (1) it i s  
f i r s t  necessary  t o  e v a l u a t e  t h e  o r b i t  t r a c k  segment A ( T ) .  
The fo l lowing  expres s ion  f o r  cos A (T)  i s  ob ta ined  by aga in  
apply ing  t h e  l a w  of c o s i n e s  t o  t h e  s p h e r i c a l  t r i a n g l e  PLR. 

2 2 
(2) cosh (T)  = s i n  0, + cos6 cos 0, 

where : 

6 = 15T (15O/hr, t h e  e a r t h  r o t a t i o n a l  speed)  

T = t i m e  e l apsed  from s h u t t l e  launch t o  recovery  ( h r s . )  

As i l l u s t r a t e d  i n  Figure 2 .  t h e  t i m e  e l apsed  from 
s h u t t l e  launch t o  recovery i s  composed of t h r e e  p a r t s ,  

T = t  + t  + t d  a 0 

where : 

(3) 

= t i m e  e l apsed  from s h u t t l e  lift off  t o  o r b i t a l  
i n s e r t i o n ,  ta 

= t i m e  e l apsed  from s h u t t l e  i n s e r t i o n  t o  d e o r b i t ,  

td = t i m e  e l apsed  from s h u t t l e  d e o r b i t  t o  touchdown. 

Because of t h e  absence of f i r m  s h u t t l e  a s c e n t  t r a j e c t o r y  
d a t a ,  t h e  t i m e  e l apsed  (t  ) and c e n t r a l  ang le  t r a v e r s e d  ( e a )  from 
l i f t  o f f  t o  i n s e r t i o n  w e r e  assumed c o n s t a n t  and e q u a l  t o  t y p i c a l  
v a l u e s  f o r  a Sa tu rn  V launch ,  i . e . ,  ta = .188 hours  and e a  = 28.4O, 
Reference 4 .  

a 
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FIGURE 2 - SHUTTLE ORBITAL PLANE ANGULAR CONSIDERATIONS 
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The t i m e  (td) and  t r a v e r s e d  downrange c e n t r a l  a n g l e  
( e  ) from s h u t t l e  d e o r b i t  t o  touchdown a r e  p r i m a r i l y  a func- 
ti% of t h e  maximum hypersonic  L/D r a t i o .  
5 and 6 g iven  i n  Table 1, show t h a t  d e s c e n t  t i m e  and downrange 
c e n t r a l  a n g l e  i n c r e a s e  as L / D  becomes l a r g e r .  

Data from r e f e r e n c e s  

The t i m e  e l apsed  (to) and c e n t r a l  ang le  t r a v e r s e d  
( 9  ) dur ing  o r b i t a l  f l i g h t  i s  a f u n c t i o n  of t h e  a n g u l a r  lo-  
ca?ion of  t h e  d e o r b i t  p o i n t .  
l o c a t i o n  of t h e  d e o r b i t  p o i n t  depends on t h e  angu la r  l o c a t i o n  
of KSC ( A )  a t  s h u t t l e  touchdown, which i n  t u r n  depends on t h e  
e l apsed  t i m e  (T )  from lift of f  t o  touchdown. S ince  T depends 
p a r t i a l l y  on t h e  amount of t i m e  s p e n t  i n  o r b i t a l  f l i g h t  (to), 
an i t e r a t i o n  scheme must be  used t o  de te rmine  t h e  correct v a l u e  
of to and t h e r e f o r e  T .  
fo l lowing  e q u a l i t y  must be s a t i s f i e d  f o r  t h e  s h u t t l e  t o  land a t  
KSC T hours  a f t e r  launch. 

However, f o r  a g iven  0 t h e  d 

From Figure  2 it i s  clear t h a t  t h e  

'a + u o t o  + e d  = n(360)  + A ( T )  ( 4 )  

where : 

= 28.4O = c e n t r a l  ang le  t r a v e r s e d  d u r i n g  ascent ,  'a 
w = s h u t t l e  o r b i t a l  angular  v e l o c i t y  (deg/hr ) ,  

ed  

0 

= downrange c e n t r a l  angle  t r a v e r s e d  d u r i n g  
d e s c e n t  (deg . I ,  

n = i n t e g r a l  number of s h u t t l e  c i r c u i t s  of e a r t h  
as  measured f r o m  p o s i t i o n  of KSC a t  s h u t t l e  
launch (deg. 1, 

A ( T )  = angu la r  movement of KSC i n  t h e  o r b i t  p l a n e ,  
f r o m  s h u t t l e  launch t o  recovery .  

Equat ions 1) through 4 )  a r e  solved i t e r a t i v e l y  f o r  a fo r  
pa rame t r i c  v a l u e s  of  n. 

The launch azimuth de f ined  by t h e  p rev ious  
a n a l y s i s  ( a )  w i l l  b r i n g  t h e  s h u t t l e  back on an o r b i t  d i r e c t l y  
ove r  t h e  launch s i te .  If t h e  s h u t t l e  has cross range  capa- 
b i l i t y ,  however, t h e  r e t u r n  o r b i t  does n o t  have t o  p a s s  d i r e c t l y  
ove r  t h e  launch s i t e ,  b u t  can m i s s  it by t h e  amount of t h e  
maximum cross range c a p a b i l i t y .  



TABLE 1. DEORBIT TO TOUCHDOWN-TIME AND DOWNRANGE 
CENTRAL ANGLE 

VS.  MAXIMUM HYPERSONIC L/D 

td ( h r s . )  

.25 

1.00 

1.50 

2.00 

2.50 

3.00 

49.3 

72.1 

91.8 

112.5 

135.0 

159.8 

.259 

.430 

,592 

.747 

.916 

1.090 

Note: The d i f f e r e n c e  between downrange c e n t r a l  angle  and t o t a l  
a n g l e  t r a v e r s e d  i n c l u d i n g  t h e  c r o s s  range e f f e c t  i s  n e g l i g i b l e .  

Maximum d e c e l e r a t i o n  f o r  a l l  e n t r y  t r a j e c t o r i e s  i s  less t h a n  3g ' s .  
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As shown i n  F i g u r e  3 t h e  e f f e c t  i s  t o  produce a 
domain of p o s s i b l e  launch azimuths whose median v a l u e  i s  t h e  
launch  azimuth a. C l e a r l y ,  as cross range  c a p a b i l i t y  in -  
creases t h e  e x t e n t  of t h e  pe rmis s ib l e  launch azimuth domain 
a lso i n c r e a s e s .  One h a l f  o f  t h e  symmetrical  domain (a') i s  
determined by apply ing  t h e  law of s i n e s  t o  t h e  r i g h t  
s p h e r i c a l  t r i a n g l e  ( C L R ) ,  i . e .  

s i n  (CR) 
s i n  A(T) s i n a '  = 

where : 

a' = one h a l f  of domain of p e r m i s s i b l e  launch 
azimuths (deg. ) 

3 CR = s h u t t l e  maximum cross r a n  e c a p a b i l i t  

Equat ion ( 6 )  i s  so lved  for  a' us ing  t h e  va lue  of A (T)  ob ta ined  
from t h e  above i t e r a t i v e  procedure and cross range  c a p a b i l i t i e s  
of from lOOnm t o  abou t  5,OOOnm. The n o r t h e r l y  launch azimuth 
c o n s t r a i n t  i s  t h e n  g iven  by: 

expressed  i n  t e r m s  of cen?ra l  angle  ( e g ) .  

and t h e  s o u t h e r l y  c o n s t r a i n t  by: 

c s  = a + a' ( 8 )  

The r e l a t i o n s h i p  between maximum hypersonic  L/D and 
s h u t t l e  cross range  c a p a b i l i t y  i s  p resen ted  i n  F igu re  4 ,  f r o m  
r e f e r e n c e s  7 and 8 .  For a v e h i c l e  w i t h  a g iven  L/D t h i s  re- 
l a t i o n s h i p  p rov ides  i t s  corresponding maximum cross range  
c a p a b i l i t y  as  determined by aerodynamics on ly .  I f  a more con- 
s t r a i n i n g  i n f l u e n c e ,  e .g . ,  a thermal l i m i t a t i o n ,  d ic ta tes  
e n t r y  f l i g h t  a t  a l o w e r  L/D r a t i o ,  t h e  v e h i c l e  maximum cross 
range  c a p a b i l i t y  would be cor respondingly  lower. F igu re  4 
allows de te rmina t ion  of t h e  maximum hypersonic  L/D cor responding  
t o  any se t  of launch a z i m u t h  c o n s t r a i n t s .  The r e s u l t s  of t h e  
a n a l y s i s  as r e p r e s e n t e d  by equat ions  (1) through ( 8 )  a r e  
p r e s e n t e d  and d i s c u s s e d  i n  the  fo l lowing  sec t ion .  

111. RESULTS 

F igu re  5 p r e s e n t s  both t h e  median launch azimuth ( a )  
and t h e  range  of p e r m i s s i b l e  launch azimuths (2a') as a f u n c t i o n  
of o r b i t a l  a l t i t u d e .  T h e  pe rmis s ib l e  launch azimuth domain i s  
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f o r  a cross range c a p a b i l i t y  of 6 0 0  nm which cor responds  t o  a 
maximum L/D of 1. The i n f l u e n c e  of d i f f e r e n t  o r b i t a l  a l t i t u d e s  
i s  gene ra t ed  by d i f f e r e n t  va lues  of o r b i t a l  angu la r  v e l o c i t y  
i n  e q u a t i o n s  4 and 5. From t h e  f i g u r e  it i s  clear tha t  f o r  
o r b i t a l  a l t i t u d e s  between 1 0 0  and 300 nm there i s  n e g l i g i b l e  
v a r i a t i o n  i n  c1 and a*. 

Nor the r ly  (1,) and s o u t h e r l y  ( c s )  launch azimuth 
c o n s t r a i n t s  f o r  s h u t t l e  recovery immediately a f t e r  t h e  f i rs t ,  
second o r  t h i r d  o r b i t  (n = 1, 2 ,  and 3 )  are p resen ted  i n  F igu re  
6 as a f u n c t i o n  of c r o s s  range c a p a b i l i t y .  The curves  
are v a l i d  f o r  any a l t i t u d e  between 1 0 0  and 300 nm because 
a l t i t u d e  has such a weak in f luence .  O r b i t a l  i n c l i n a t i o n s  
cor responding  t o  t h e  launch azimuths a r e  i n d i c a t e d  
by t h e  double o r d i n a t e  scales. 

The azimuth c o n s t r a i n t  curves  of F igure  6 each r e p r e s e n t  
s h u t t l e  recovery immediately a f te r  t h e  nth o r b i t  (n  = 1, 2, and 3 )  
and n o t  b e f o r e ,  i . e . ,  t h e  n = 3 curve i s  f o r  recovery  immediately 
a f te r  t h e  t h i r d  o r b i t  b u t  n o t  n e c e s s a r i l y  t h e  f i r s t  o r  second. 
To determine t h e  azimuth c o n s t r a i n t s  for  s h u t t l e  recovery a f t e r  
any one of t h e  f i r s t  three o r b i t s  from launch t h e  n = 1, 2 ,  and 3 
curves  of F igure  6 were superimposed and t h e  common domain of 
p e r m i s s i b l e  launch azimuths determined for  each v a l u e  of cross 
range  c a p a b i l i t y .  The same procedure w a s  used t o  determine t h e  
azimuth c o n s t r a i n t s  f o r  s h u t t l e  recovery w i t h i n  t w o  o r b i t s  from 
launch excep t  t h a t  on ly  t h e  n = 1 and n = 2 curves  of F igu re  6 
w e r e  used. The azimuth c o n s t r a i n t s  f o r  once around recovery i s  
merely t h e  n = 1 curve of Figure 6 ,  which f o r  convenience, i s  
reproduced i n  F igure  7 .  Figures  8 and 9 show r e s u l t a n t  launch 
azimuth c o n s t r a i n t  cu rves  for recovery w i t h i n  t w o  and three 
o r b i t s ,  r e s p e c t i v e l y .  

Also, i n d i c a t e d  i n  F igu res  7 ,  8 ,  and 9 are t h e  KSC 
range  s a f e t y  launch azimuth r e s t r i c t i o n s ,  a 55' space  s t a t i o n  
o r b i t a l  i n c l i n a t i o n  and t h e  launch azimuth t h a t  g i v e s  r i s e  t o  an 
ea s t  coast o v e r f l y .  T h e  range s a f e t y  r e s t r i c t i o n s  arise f r o m  
t h e  p r o h i b i t i o n  of  o v e r f l i g h t  of Bermuda t o  the  n o r t h  and C u b a  
t o  t h e  south .  Cur ren t ly  the r e s t r i c t i o n s  are f i r m ,  any change 
r e q u i r i n g  approval  a t  t h e  execut ive  l e v e l  of government. The 
55' space s t a t i o n  o r b i t a l  i n c l i n a t i o n  i s  t h a t  p r e s c r i b e d  i n  t h e  
Phase B Space S t a t i o n  D e f i n i t i o n  Study Statement  of Work, 
Reference 9.  The i n c l i n a t i o n  i s  based p a r t i a l l y  on a desire f o r  
the s t a t i o n  t o  o v e r f l y  as l a r g e  a percentage  of e x i s t i n g  ground 
t r u t h  s t a t i o n s  as i s  p r a c t i c a b l e .  I f  space  s h u t t l e  o v e r f l i g h t  
of l and  du r ing  i t s  a s c e n t  i s  prohib i ted ,  then  t h e  i n d i c a t e d  eas t  
coast  o v e r f l i g h t  launch azimuth would be a launch azimuth con- 
s t r a i n t ,  perhaps one of a new s e t  of range s a f e t y  c o n s t r a i n t s .  
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I n  F igu res  7 through 9 as t h e  L/D r a t i o  i n c r e a s e s  from 
i t s  lowest va lue  on t h e  s c a l e  (Apollo c lass)  t h e  r eg ion  of 
p e r m i s s i b l e  launch azimuths becomes l a r g e r .  The n o r t h e r l y  and 
s o u t h e r l y  azimuth c o n s t r a i n t s  f i r s t  i n t e r s e c t  t h e  n o r t h e r n  and 
sou the rn  range s a f e t y  r e s t r i c t i o n s ,  r e s p e c t i v e l y .  Then, w i th  
f u r t h e r  divergence t h e  c o n s t r a i n t s  i n t e r s e c t  t h e  space s t a t i o n  
i n c l i n a t i o n  l i n e s  and t h e  no r the rn  c o n s t r a i n t  c r o s s e s  t h e  eas t  
coast o v e r f l y  l i n e  immediately t h e r e a f t e r .  The c o n s t r a i n t s  are 
te rmina ted  a t  a va lue  of L/D which provides  a l l  azimuth launch 
c a p a b i l i t y .  Table 2 p r e s e n t s  t h e  numerical  data  corresponding 
t o  t h e  i n t e r s e c t i o n  p o i n t s .  

Using an i t e r a t i v e  p rocedure , the  on -o rb i t  o p e r a t i o n s  
t i m e  c o n s t r a i n t s  are obta ined  from equa t ion  4 ,  and are p r e s e n t e d  
i n  F igure  1 0  as a f u n c t i o n  of L /D r a t i o  f o r  pa rame t r i c  v a l u e s  of  
n. T h e  t i m e  i n  o r b i t  c o n s t r a i n t  i s  p r i m a r i l y  determined by t h e  
number of o r b i t s  executed between launch and recovery ( n  = 1, 2 ,  
and 3 )  and secondar i ly  e f f e c t e d  by t h e  s h u t t l e  L/D r a t i o .  For 
a g iven  number of o r b i t s ,  as L/D i n c r e a s e s  from an Apollo c lass  
v a l u e , t h e  t i m e  i n  o r b i t  c o n s t r a i n t  s lowly dec reases  due t o  t h e  
i n c r e a s e d  d e s c e n t  c r u i s e  time r e q u i r e d  f o r  h i g h e r  L/D v e h i c l e s  
(see Table 1) .  Also shown i n  F igure  1 0  i s  t h e  locus  of t h r e s h o l d  
va lues  of  L /D beyond which a l l  azimuth launch c a p a b i l i t y  e x i s t s .  

A s  t h e  e a r t h  r o t a t e s ,  KSC w i l l  p a s s  through t h e  space 
s t a t i o n  p l ane  t w i c e  p e r  day e s t a b l i s h i n g  t w o  d a i l y  in-p lane  
s h u t t l e  launch o p p o r t u n i t i e s  f o r  space  s t a t i o n  l o g i s t i c s  miss ions .  
A s  i n d i c a t e d  i n  F igu res  7 through 9 for  a space s t a t i o n  i n c l i n a -  
t i o n  of  55" one of t h e  o p p o r t u n i t i e s  r e q u i r e s  a 41" launch azimuth 
and t h e  o ther  an azimuth of  1 3 9 " .  Since  bo th  azimuths exceed 
c u r r e n t  range s a f e t y  r e s t r i c t i o n s  t h e  t w o  d a i l y  in-p lane  oppor- 
t u n i t i e s  e x i s t  on ly  i f  t h e  r e s t r i c t i o n s  can be ignored  or  
e n l a r g e d  t o  inc lude  t h e  r equ i r ed  azimuths.  I f  t h e  e x i s t i n g  
r e s t r i c t i o n s  must be observed, t hen ,  as i n d i c a t e d  i n  F igu res  7 
through 9 t h e  a l t e r n a t i v e  mode of p rov id ing  t h e  two d a i l y  in -p l ane  
o p p o r t u n i t i e s  i s  t o  choose a space  s t a t i o n  i n c l i n a t i o n  between 
28.5" and 3 4 " .  

The r e l a t i o n s h i p  between minimum L/D f o r  in -p lane  
launch cons t r a ined  by r a p i d  s h u t t l e  recovery ,  and number of  o r b i t s  
a f t e r  launch (n)  has  been  determined from t h e  d a t a  i n  F igu res  7 
through 9 and i s  p resen ted  i n  F igure  11. I t  w a s  t a c i t l y  assumed 
t h a t  c u r r e n t  range s a f e t y  r e s t r i c t i o n s  could  be ignored .  The 
t w o  curves  i n  F igure  11 r e p r e s e n t  t h e  aforementioned r e l a t i o n s h i p  
f o r ;  1) two d a i l y  in-p lane  launch o p p o r t u n i t i e s  a t  an azimuth 
of 4 1 "  and 139O,  and 2 )  one d a i l y  in-p lane  oppor tun i ty  a t  an 
azimuth of  41". I f  one d a i l y  in-p lane  oppor tun i ty  i s  s u f f i c i e n t ,  
it can be seen  t h a t  a minimum s h u t t l e  L/D of 1 . 6 3  would provide  
r a p i d  recovery a f t e r  any one of t he  f i r s t  three o r b i t s  w h i l e  t h e  
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same recovery  c a p a b i l i t y  f o r  t w o  in -p lane  o p p o r t u n i t i e s  p e r  
day r e q u i r e s  a minimum L/D of about  2 . 7 .  Presuming one 
o p p o r t u n i t y  pe r  day i s  accep tab le  f o r  s h u t t l e  o p e r a t i o n s ,  
Table  2 shows t h a t  an  L/D of 1.63 would a l s o  provide  a l l  
azimuth launch c a p a b i l i t y  f o r  t h e  once around t h e  recovery  
A i r  Force reconnaissance  mission.  

More g e n e r a l l y ,  minimum L/D requi rements  f o r  a l l  
azimuth launch c a p a b i l i t y  corresponding t o  n = 1, 2 ,  and 3 
have been determined from Figures  7 through 9 and are g iven  
i n  Table  3. A l s o ,  i nc luded  are t h e  cor responding  e l apsed  
t i m e s  f r o m  launch t o  r ecove ry ,  e . g . ,  t h e  e l apsed  t i m e  f o r  t h e  
A i r  Force reconnaissance  mission i s  1 . 9  hours .  From Figure  1 0 ,  
t h e  on -o rb i t  t i m e s  f o r  space s t a t i o n  l o g i s t i c s  mis s ions  corres- 
ponding t o  s h u t t l e  L/D's of 1.63 and 2 . 7  are 4 . 2  hours  and 4 
hours ,  r e s p e c t i v e l y .  I n  t h e  case  of an a b o r t  du r ing  s h u t t l e  
a s c e n t ,  t h e  e l apsed  t i m e  f o r  t h e  once around and recovery  mode 
v a r i e s  f r o m  1 . 7  hours  f o r  Apollo class L/D's t o  1 . 9  hours  f o r  
an  L/D of 1.63,  which corresponds t o  t h e  a l l  azimuth launch 
c a p a b i l i t y  case. 

IV. Conclusions 

I n  p u r s u i t  of an  economical mode of space  s h u t t l e  
o p e r a t i o n  it i s  d e s i r a b l e  t o  recover  t h e  s h u t t l e  a t  t h e  same 
s i te  from which it i s  launched t h u s  e l i m i n a t i n g  t h e  need f o r  
a s u r f a c e  a i r  f e r r y  system. Accomplishment of t h i s  o b j e c t i v e  
g i v e s  r ise t o  launch azimuth and on -o rb i t  o p e r a t i o n s  t i m e  
c o n s t r a i n t s  which have been determined h e r e i n  f o r  up t o  t h r e e  
o r b i t s  from launch.  

The r e g i o n  of pe rmis s ib l e  launch azimuths f o r  s h u t t l e s  
w i th  Apollo class L/D's i s  sma l l e r  than  t h a t  pe rmi t t ed  by 
e x i s t i n g  range  s a f e t y  r e s t r i c t i o n s .  A s  t h e  s h u t t l e  L/D r a t i o  
and hence i t s  c r o s s  range c a p a b i l i t y  i n c r e a s e s  t h e  range  of 
p e r m i s s i b l e  launch azimuths also i n c r e a s e s .  A t  c e r t a i n  t h r e s h o l d  
v a l u e s  of L/D launch a t  any azimuth becomes p o s s i b l e  i f  range 
s a f e t y  r e s t r i c t i o n s  can be  e l imina ted .  

The on -o rb i t  o p e r a t i o n s  t i m e  a v a i l a b l e  depends 
p r i m a r i l y  on t h e  number of o r b i t s  ( n  = 1, 2 ,  o r  3 )  executed 
p r i o r  t o  t h e  d e o r b i t  maneuver. A secondary i n f l u e n c e  i s  t h e  
s h u t t l e  L/D r a t i o  because of i t s  e f f e c t  on t h e  v e h i c l e  descen t  
c r u i s e  t i m e .  

The fo l lowing  conclus ions  are c o n s i s t e n t  w i th  
s h u t t l e  recovery a t  KSC a f te r  any one of t h e  f i r s t  t h r e e  o r b i t s .  



TABLE 2 - Launch Azimuth C o n s t r a i n t s  

_____ 
n = l  Apollo Range S a f e t y  S.  S. I n c l i n a t i o n  E a s t  Coast 
( F i g u r e  7 )  Class  N o r t h  S o u t h  N o r t h  S o u t h  ' O v e r f l y  

E n  (deg) 79.5  72 6 3  4 1  28 .5  30 

c S  (deq) ' 88.2  95  1 0  8 126  139 N/A 

L / D  . 2 7  .58  .90  1 . 2 5  1 .40  1 . 3 7  

CR (nm) 1 100  270 550 920 1200 1150 

n = 2  
( F i g u r e  8 )  

E n  (deg) 79.9 72 47.5 4 1  1 7  30 

c s  (deg) 80 .5  85 1 0  8 1 1 5  139 N/A 

L/D . 27  . 5 8  1 .42  1 . 6 0  2 . 0 3  1 . 8 0  

CR (nm) 100  270 1250 1500 2350 1900 

n = 3  
( F i g u r e  9 )  

E n  (deg) 75 .5  72 32 4 1  -2 30 

E s  (deg)  75.5 76.5 1 0  8 100  139  N/A 

L/D .50 . 5 8  1 .82  1 . 6 3  3600 1 . 9 0  

CR (nm) 200 270 2000 1550 2 .65  2100 I 

4 

Data Summary 

A l l  Azimuth 
Launch 
C a p a b i l i t y  

0 

180  

1 .60  
1500 

0 

180  

2 .55  

3400 

0 

1 8 0  

3.50 

5250 
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L/D 

T ( h r s . )  

Table 3 

All Azimuth Launch C a p a b i l i t y  - L/D 
Requirements and Corresponding Elapsed T i m e s  

2 

2 . 5  3 . 3  

3 . 5  5 . 4  

3 n =  
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1. 

2. 

3. 

4. 

5. 

A minimum shuttle L/D of 1.63 provides one northerly 
inplane launch opportunity per day (azimuth = 4 1 O )  
for logistics missions to a 55O inclination space 
station. 

For this mission the maximum on-orbit operations 
time corresponding to recovery immediately after 
the third orbit is 4.2 hours. 

A shuttle L/D of 1.63 also provides all azimuth launch 
capability for a once around and recovery Air Force 
reconnaissance mission. 

For the reconnaissance mission the elapsed time from 
lift-off to touchdown is 1.9 hours. 

In an abort situation the elapsed time from lift-off 
to touchdown varies from 1.7 hours for Apollo class 
L/D’s to 1.9 hours for an L/D of 1.63 

The remaining two conclusions are concerned with the 
relationship between the shuttle and the space station orbital 
inclination. 

6. 

7. 

If the shuttle L/D design objective is not achieved, 
reduction of the space station orbital inclination 
from 55’ to a lower value can be used as a means of 
maintaining rapid recovery capability at K S C  for 
shuttle logistics missions. 

If existing range safety azimuth restrictions cannot 
be eliminated or changed; then to avoid the need for 
space shuttle yaw steering or plane change maneuvering 
the space station inclination should be between 28.5O 
and 34O. n 

1012-EMG-pak E. M. Grenning 
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